family members, all require the activity of the Polo-box
Plk1 PBD, which binds to its optimal motif, Pro-Metbind phosphoserine/threonine-containing motifs is not Gln-Ser-pThr-Pro-Leu (Supplemental Table S1 available known. Here, we show that the PBDs from human Plk1, at Cell website), with a K d of 280 nM ( Figure 1A) . A 2, and 3, as well as the Plk1 orthologs Plx1 from Xenopus variety of small side-chain amino acids were therefore and budding yeast Cdc5p all show conserved selection substituted in the pThr-1 position, and peptide binding for the core sequence S-[pS/pT]-P/X in oriented peptide to the Plk1 PBD measured using isothermal titration library screens. The crystal structure of the human Plk1 calorimetry (ITC) ( Figure 1A) . Surprisingly, conservative PBD in complex with its optimal phosphopeptide motif replacement of Ser with Gly, Ala, Thr, or Cys, completely reveals a mode of binding in which the bulk of the pepabrogated Plk1 PBD-phosphopeptide binding. We had tide contacts involve a specific lattice of water-mediated previously observed that replacement of Ser at the hydrogen bonds. Site-directed mutagenesis based on pThr-1 position with Val, the amino acid showing the the structural identification of critical phosphothreonine lowest selection in this position, was sufficient to elimibinding residues shows that phosphodependent subnate peptide binding (Elia et al., 2003) . Nevertheless, strate recognition by the PBD is necessary for Plk tarthe finding that replacement of Ser with a variety of geting to substrates both in vitro and in vivo, and for chemically similar amino acids also completely disproper mitotic progression. Furthermore, binding of the rupted the interaction between the PBD and free phosoptimal Plk1 phosphopeptide to the PBD in full-length phopeptides in solution was unexpected. semble of sequence motifs simultaneously. Regardless, com/cgi/content/full/115/1/83/DC1). Since we initially Pro probably represents the most "physiological" amino isolated the Plk1 PBD in a search for domains that recogacid in the pThrϩ1 position, since the phosphorylation nize a pThr-Pro-containing motif, primary screens were event necessary for PBD binding is likely to be catalyzed performed using peptide libraries containing a fixed primarily by Pro-directed kinases such as Cdks and pThr-Pro core flanked on both sides by four degenerate MAP kinases. positions. Each of the five PBD's examined selected for distinct but largely overlapping motifs and all showed unequivocal selection for Ser in the pThr-1 position with Overall Structure of the Plk1 PBD selectivity ratios (i.e., the mol% of Ser in the PBD bound
The boundaries of the minimal PBD within the C-terminal peptides at the pThr-1 position divided by the mol% of regions of both Plk1 and Cdc5p were determined using Ser in the starting library mixture at the pThr-1 position) limited proteolysis. Digestion of the entire C-terminal ranging from 3.0 to 7.5 (Supplemental Tables S1 and S2 region of Plk1 (residues 326-603) using V8 protease and available at above website). Motif similarity occurs even trypsin indicated that only the last 45 residues of the though these PBDs vary considerably in amino acid linker between the kinase domain and the first Polo box sequence and the respective human Plks perform diverwere structured as part of the PBD (Figure 2A and data gent cellular functions. not shown). Similar results were obtained using the Based on these data, secondary peptide libraries con-C-terminal segment of Cdc5p (data not shown). We refer taining a fixed Ser-pThr core were used to further refine to this additional region as the Polo-cap (Pc). For both the motifs and investigate the relative importance of Pro Plk1 and Cdc5p, we found no significant difference in in the pThrϩ1 position (Supplemental Tables S1 and S2 the phosphopeptide binding affinities of fragments enavailable at Cell website). These data reveal that all Plks compassing the entire C-terminal regions or the proteoinvestigated, including all conventional human Plk holytically defined PBDs, indicating that the first ‫04ف‬ mologs, select a similar motif that can be most generally amino acids between the kinase and the Pc play no represented by the consensus sequence: major role in peptide binding. teolytically defined Plk1 PBD (residues 367-603) in com-␤1/␤2 from PB1 and ␤6/␤7 from PB2, together with an array of interactions with the intercalating linker regions. plex with its "optimal" phosphopeptide was solved by multiwavelength anomalous diffraction, and refined at 1.9 Å resolution ( Table 1 ). The structure ( Figure 2B ) Unusual PBD-Phosphopeptide Interactions Are Crucial for Specificity shows that the PBD contains two ␤ 6 ␣ motifs that comprise the two Polo-box regions (PB1 and 2) identified The phosphopeptide binds in an extended conformation to one end of a shallow cleft formed between the two by sequence profiling. In spite of the fact that the amino acid sequences of the two Polo boxes within any one Polo boxes (Figure 2 ). In all, ‫0001ف‬ Å 2 of solvent accessible surface are buried by binding of the seven phosphoPlk exhibit only ‫%52-%02ف‬ sequence identity, the structures of the two motifs are quite similar (rms deviapeptide residues visible in our electron density maps. Binding involves part of the only highly conserved surtion of 77 C␣ atoms of 1.6 Å ; Figure 2B ). The two Polo boxes pack together to form a 12-stranded ␤ sandwich face on the PBD ( Figures 3A and 3B ) explaining the similar motifs selected by different PBDs. The binding flanked by three ␣-helical segments ( Figure 2C ). Although motifs resembling the Polo-box structure are site also coincides with the only significant region of positive electrostatic potential ( Figure 3C ). The phosrepresented in the Protein Databank, the overall domain fold is not. The Pc consists of an ␣-helical segment ␣A, phopeptide interacts predominantly with ␤1 from PB1, the N-terminal end of L2 and ␤8/9 from PB2. Hydrogenloop and short 3 10 helix that connects to the first ␤ strand of Polo-box 1 (␤1) through a short linker region (L1). The bonding interactions formed with the peptide side-and main-chain atoms alternate to some degree between Pc wraps around Polo-box 2 tethering it to Polo-box 1. ␣A packs against ␣C from PB2 in an antiparallel coiledresidues within the two Polo boxes, forming a zipperlike structure at the edge of the PB1/PB2 interface (Figcoil arrangement, while the 3 10 helix packs against the shorter ␣C'. The two Polo boxes are connected by a ure 3D). PBD binding to the phosphate moiety involves a comsecond ‫03ف‬ residue linker sequence (L2) that is partially conserved. L1 and L2 run in antiparallel directions bebination of direct contacts with protein side-chains and extensive indirect interactions through a well-defined tween the two Polo-box ␤ sheets. Thus, the hydrophobic core is formed from direct interactions of highly conlattice of water molecules, many of which are fully hydrogen-bonded ( Figure 3E ). In total, the phosphate group served nonpolar residues predominantly located on . In these structhe phosphate group directly are His-538 and Lys-540 from PB2, whose side chains form a pincer-like arrangetures, the pThr-1 side-chain is solvent exposed and little selection is observed at this position. In contrast, the ment that chelates the O1, O3, and O␥ phosphate oxygens.
The extraordinarily high selectivity for serine at the peptide orientation in the Plk1 complex is inverted such that the Ser-1 side-chain is directed toward the Plk1 pThr-1 position results from a different orientation of The human Plk family encompasses the canonical kinases (Plks 1-3) and Sak, which contains a highly homolsame serine preference, and this is, indeed, the case.
The critical role of Trp-414 in ligand binding revealed ogous Ser/Thr kinase domain but only a single divergent Polo box. Recent structural data has shown that the by our crystal structure ( Figure 3D ) explains the observation that a W414F mutation eliminates both centrosomal isolated Polo box from murine Sak forms an intermolecular dimer, leading to the suggestion that tandem Polo localization of Plk1 and its ability to complement the cdc5-1 ts (Lee and Erickson, 1997). Both of these effects boxes in Plk1-related Plks may form a related, intramolecular "dimeric" architecture (Leung et al., 2002) . Our are likely to be at least partly attributable to disruption of critical Ser-1 interactions with the PBD. In agreement structure shows that this notion is broadly correct. In each case, the Polo-box repeat comprises a sixwith this, a mutant PBD containing the W414F substitution is severely compromised in phosphopeptide bindstranded ␤ sheet and ␣-helix, that associates with a second Polo-repeat via intra-or intermolecular interacing, with an affinity of Ͼ100 M as determined by ITC. Loss of binding does not result from gross structural tions in Plk1 and Sak respectively, to form ␤ sandwich domain structures. However, closer examination reveals perturbation of the Polo-box fold, since the mutant and wild-type PBDs show similar CD spectra (data not profound differences between the organization of the two structures (Figure 4 ). Most strikingly, the association shown).
Consistent with the library selection, the protein-pepof the two Polo boxes differs completely such that residues forming the interface between Polo repeats in the tide interface is dominated by interactions of the PBD with the pThr and Ser-1 (Figures 3C and 3D) . Although Sak homodimer are located largely on the exterior of the Plk1 ␤ sandwich, where they partially form the interwe observed modest selection for Pro at the pThrϩ1 position, the structure shows limited contribution to the face with the flanking ␣-helical segments. The grossly different architectures argue against conservation of binding interface, and multiple substitutions at this position are tolerated for peptide binding (Supplemental Ta- phosphoprotein binding function since residues most intimately involved in phosphopeptide binding by Plk1 bles S1 and S2 available at Cell website; Figure 1B ). In the PBD structure, the trans-proline introduces a kink (e.g., His-538/Lys-540, Trp-414) are not conserved in Sak. Furthermore, the electrostatic potential surface of after the Ser-pThr directing the peptide backbone back toward the binding surface, allowing the pThrϩ2 main the Sak Polo-box dimer shows no significant regions of positive charge (data not shown), a property otherwise chain amino group to contact the PBD. Thus, the ϩ1 Pro likely increases binding affinity by diminishing the common to phosphodependent binding proteins. Ex- in Figures 5C-5E ). Cdc25C is phosphorylated on at least 
